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1. INTRODUCTION 
1.1 General Aspects o f  the S-tud,y 
The study described i n  t h i s  repo r t  was undertaken 5n order  t o  
i n v e s t i g a t e  the hyd rau l i c  atomizat ion c h a r a c t e r i s t i c s  o f  several n i v e l  
i n j e c t o r  designs developed by the Aero je t  L i q u i d  Rocket Company f o r  use i n  
1  i q u i  d  propel l a n t  rocket  ensines. The i n j e c t o r s  a re  manufactured from a  
ser ies  o f  t h i n  s t a i n l e s s  s tee l  p l a t e l e t s  through which o r i f i c e s  have been 
very accura te ly  formed by a  photoetching process. These i n d i v i d u a l  p l  ate1 e t s  
are then stacked together  and the o r i f i c e s  a1 igned so as t o  produce f l o w  
passages o f  p rescr ibed geometry. A f t e r  al ignment,  the  p l a t e l e t s  a re  bonded 
i n t o  a  s ing le ,  " p l a t e l e t  i n j e c t o r , "  u n i t  by a  d i f f u s i o n  bonding process. 
Two p l a t e l e t  i n j e c t o r  concepts, the x-doublet and splash-plate, as 
i l l u s t r a t e d  by the  Aero je t  L i q u i d  Rocket Company, a re  shown i n  Figures 1  
and 2 ,  respec t i ve l y .  During the  e a r l y  phases o f  the  study, i t  was deter-  
mined t h a t  the  x-doublet he ld  considerably more promise f o r  f u t u r e  app l ica-  
t i o n s  than d i d  the  splash-plate. Accordingly,  t h i s  r e p o r t  i s  concerned 
almost e x c l u s i v e l y  w i t h  the  de ta i l ed  i n v e s t i g a t i o n  o f  t he  x-doublet p l a t e l e t  
i n j e c t o r  as w e l l  as a  number o f  modi f ied versions o f  t he  basic  design. 
Orlly t he  hyd rau l i c  atomizat ion c h a r a c t e r i s t i c s  were inves t iga ted ,  
t h a t  i s ,  the  1  i q u i d  atomizat ion procGss exc lus ive  o f  any combustion e f f e c t s .  
Du2 t o  the  complex nature o f  the f l ow  associated w i t h  p l a t e l e t  i n j e c t o r s ,  
i t  was nece'ssary t o  use experimental techniques, exc lus i ve l y ,  throughout 
the study. Large scale models o f  the i n j e c t o r s  were constructed from 
aluminum p la tes  and the appropr iate f l u i d s  were modeled us ing  a  g l yce ro l -  
water so lu t i on .  Stop-act ion photographs us ing  spark-shadowgraph o r  
Figure 1 .  X-Doublet Platelet  Injector 
Figure 2.  Splash-Plate Platelet  Injector 
s t rob ! )scop ic  back-1 i g h t i n g  were made o f  t he  atomized spray f i e 1  ds produced 
by a l l  c o n f i g u r a t i o n s  t es ted .  High speed (4000 frames pe r  second) movies 
were a l s o  made o f  severa l  impor tan t  bas ic  con f i gu ra t i ons .  From the  photo- 
graphs produced, c e r t a i n  fundamental c h a r a c t e r i s t i c s  o f  t he  a ton i i za t ion  
process cou ld  be i n f e r r e d .  A1 so, t h e  photographs p rov ided  an e f f e c t i v e  
method of comparison f o r  t h e  var ious  i n j e c t o r s  tes ted .  
I n  summary, t he  i n f o r m a t i o n  ob ta ined  from the  s tudy cons i s t s  o f :  
( 1 )  photographs and movies showing t y p i c a l  a t o ~ i z a t i o n  c h a r a c t e r i s t i c s  o f  
a1 1  i n j e c t o r  c o n f i g u r a t i o n s  tes ted ,  ( 2 )  the  e f f e c t  o f  i n l e t  c ross - f l ow  
on t h e  performance o f  the  x -doub le t  i n j e c t o r ,  :3) an i n v e s t i g a t i o n  o f  t h e  
i n t e r n a l  f l o w  f i e l d  o f  t he  x-doublet  i n j e c t o r  us i ng  a  t r a n s p a r e ~ ~ t  p l a s t i c  
model and dye i n j e c t i o n ,  ( 4 )  measurements o f  t h e  mass d i s t r i b u t i o n  i n  t h e  
x -doub le t  spray f i e l d ,  and ( 5 )  an a n a l y s i s  and p r e l i m i n a r y  v e r i f i c a t i o n  o f  
t h e  s i m i l a r i t y  requ i renen ts  impo r tan t  i n  t h e  model ing o f  a tomiza t ion  
phenomena. 
1 .2  - The Atomiza t ion  o f  L i q u i d s  
A  few general  ideas concern ing t he  a tom iza t i on  o f  l i q u i d s  a r e  p u t  
f o r t h  i n  t h i s  s e c t i o n  i n  o r d e r  t o  p rov ide  a  b a s i s  f o r  t h e  i n t e r p r e t a t i o n  
o f  t h e  da ta  t o  be presented i n  subsequent sec t i ons  o f  t h i s  r e p o r t .  Only 
t h e  i n i t i a l  h y d r a u l i c  c h a r a c t e r i s t i c s  assoc ia ted  w i t h  t he  a tomiza t ion  o f  
a  b u l k  l i q u i d  i n  ambient a i r  a r e  cons idered i n  t h i s  r e p o r t .  No e f f o r t  was 
made t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  heat  t r a n s f e r  o r  secondary breakup o f  
the atomized l i q u i d .  A l though many o f  t h e  e f f e c t s  which a re  o f  importance 
i n  an a c t u a l  combustion process were n o t  considered, an adequate procedure 
was e s t a b l i s h e d  whereby the  fundamental a tomiza t io r i  c h a r a c t e r i s t i c s  o f  
va r i ous  i n j e c t o r  designs c o u l d  be r e a d i l y  eva luated.  
Atomizat ion of a  l i q u i d  i s  g e n e r a l l y  understood t o  i m p l y  the  
d i s i n t e g r a t i o n  and d i spe rsa l  o f  a b u l k  l i q u i d  i n t o  a  l a r g e  number o f  d r o p l e t s  
accompanied by a  s i g n i f i c a n t  increase i n  su r f ace  area. The a tom iza t i on  o f  
a  1  i q u i d  by mechanical means (as opposed t o  acous t i c ,  v i b r a t i o n a l  , o r  
e l e c t r o s t a t i c  methods) i s  general l y  accompl i shed by one o f  t h e  f o l l o w i n g  
techniques : 
1. Hydraul i c  a tom iza t i on  
(a )  s e l  f -a tomi  z i n g  
(b )  j e t  impingement 
( c )  s w i r l  a tomizer  
2. Pneumatic a  tomi za t i on 
3. Rotary a tomizer .  
Hydraul i c  a tomiza t ion  i s  accomplished by c o n v e r t i n g  f l u i d  pressure i n t o  
k i n e t i c  energy by the passage o f  f l u i d  th rough  an o r i f i c e .  A tomiza t ion  
then occurs as a  r e s u l t  o f  f l u i d  j e t  i n s t a b i l i t y  a r i s i n g  from the  r e l a t i v e  
v e l o c i t y  between t he  l i q u i d  and ambient gas, impingement w i t h  another  j e t  
o r  s o l i d  sur face,  o r  due t o  the  i n s t a b i l i t y  o f  a  t h i n  sheet produced by 
s w i r l  i n g  ac t i on .  Pneumatic a tom iza t i on  occurs when a  h i gh  r e l a t i v e  v e l o c i t y  
between gas and l i q u i d  i s  achieved by the  a c c e l e r a t i o n  o f  t h e  gas, i n s t e a d  
o f  t h e  l i q u i d ,  t o  a  h i gh  v e l o c i t y .  Rotary  a tomizers  produce a  t h i n  sheet  
o f  f l u i d  by c e n t r i f u g a l  a c t i o n .  A l l  o f  t h e  i n j e c t o r s  t e s t e d  i n  t he  c u r r e n t  
s tudy cou ld ,  general  l y  speaking, be i nc l uded  i n  t h e  jet- impingement category.  
Whatever t he  method o f  a tomiza t ion ,  t h e  k i n e t i c s  o f  a l l  such 
processes i n v o l  ve the f o l  l ow ing  sequent ia l  steps, a1 though any s p e c i f i c  s t e p  
may be absent under some circumstances: 
1. Extens ion o f  a b u l k  l i q u i d  i n t o  sheets, j e t s ,  f i l m s ,  o r  
streams by a c c e l e r a t i n g  the 1  i q u i d  i n  some p resc r i bed  
manner. 
2. I n i t i a t i o n  o f  smal l  d is turbances a t  t h e  l i q u i d  sur face  i n  
the  form o f  l o c a l  r i p p l e s ,  protuberances, o r  waves. 
3. Formation o f  l igaments by t h e  a c t i o n  o f  normal and 
shear fo rces .  
4. Col lapse o f  l i gaments  i n t o  drops due t o  t he  a c t i o n  o f  
su r face  t e n s i  on. 
5. Fu r t he r  breakup o f  t h e  drops as they  move through t h e  
gaseous medium by t h e  a c t i o n  o f  normal and shear f o r ces .  
Photographs o f  t h e  spray f i e l d s  produced by t h e  i n j e c t o r s  and i nc l uded  i n  
Sec t ion  4 e x h i b i t  a l l  o f  t he  c h a r a c t e r i s t i c s  except  t h e  l a s t .  The 
f i r s t  f o u r  o f  t h e  s teps i n  t h e  a tom iza t i on  process a r e  dep ic ted  schemati- 
c a l l y  i n  F igure  3. 
The complete e v a l u a t i o n  o f  t he  performance o f  an a tomiza t ion  dev ice  
should c o n s i s t  o f  t he  cons ide ra t i on  o f  the  f o l l o w i n g  i tems:  
1 Geometry o f  the  spray f i e l d  
2. Energy r e q u i r e d  f o r  e f f e c t i v e  a tom iza t i on  
3. D rop le t  s i z e  and d i s t r i b u t i o n  
4. Operat ional  cons ide ra t i ons  such as e ros ion ,  co r ros ion ,  
c logg ing ,  and upstream f l o w  cond i t i ons .  
A l l  f o u r  i tems were i n v e s t i g a t e d  i n  va ry i ng  degrees f o r  each o f  the  i n j e c t o r s  
t e s t e d  under t h e  c u r r e n t  program. 
Growth o f  Waves 
on Sheet 
Fragmentation 
and Formation 
o f  Ligaments 
F igure  3. Schematic o f  t he  Atomizat ion Process. 
(Adapted from Ref. 8 ) 
Breakdown o f  
Ligaments i n t o  
Drops 
1 . 3  L i t e r a t u r e  Survey 
Throughout the study, numerous j ou rna l s  were consul ted i n  an e f f o r t  
t o  determine i f  any previous work had been repor ted  which would be usefu l  
i n  gu id ing  the  cu r ren t  i n v e s t i g a t i o n .  It was o r i g i n a l  1). intended t o  develop 
an extensive b ib l i og raphy  from the  references obtained. ilowever, several 
months a f t e r  the  i n i t i a t i m  o f  t h i s  p ro jec t ,  a  r e p o r t  by Lapple, Henry, and 
Blake e n t i t l e d  "Atomizat ion - A Survey and C r i t i q u e  o f  the L i t e r a t u r e "  was 
discovered. Th i  s  r e p o r t  i s an exhaust ive, COIII~I eitL,td S ve survey o f  a1 1 
1 i t e r a t u r e  p e r t a i n i n g  t o  the sub jec t  o f  atomizat ion pub1 ished p r i o r  t o  1967. 
Approximately 960 references along w i t h  abs t rac ts  were compiled. I n  add i t i on ,  
the r e s u l t s  o f  a l l  references were reduced t o  a common basis  and compared 
i n  extensive tab les .  For reference, the abs t rac t  sources used i n  compi l ing 
t h i s  r e p o r t  a re  l i s t e d  i n  the Bib l iography.  
Since Lapple 's  r e p o r t  i s  extensive and r e a d i l y  a v a i l a b l e  f o r  use, 
i t  was n o t  considered worthwhi le t o  attempt t o  improve on t h i s  work. 
References which were consul ted du r ing  the course o f  the present i nves t i ga -  
t i o n  and which a re  no t  inc luded i n  the  r e p o r t  by Lapple are  l i s t e d  i n  t he  
l a s t  sec t i on  o f  t he  Bib l iography.  Also inc luded i n  the  B ib l iography a re  a 
l i s t  o f  references which contains surveys of the atomizat ion l i t e r a t u r e  
and a 1 i s t  o f  references which a re  f e l t  t o  be e i t h e r  fundamental t o  the  
understanding o f  atomizat ion phenomena o r  were of p a r t i c u l a r  i n t e r e s t  i n  
t he  c u r r e n t  i n j e c t o r  study. 
2. IHEORY OF MODELING 
2.1 Fundamental S i m i  1  a r i  ty Parameters 
A l l  o f  the  experimental data acqui red du r ing  the  course o f  t h i s  
program were obtained from model s tud ies  o f  one k i n d  o r  another. Accordingly,  
i t  i s  important,  a t  t h i s  po in t ,  t o  examine the fundamental dimensionless 
parameters which are important  i n  the  d e s c r i p t i o n  o f  an atomizat ion process. 
The d iscussion t o  fo l l ow  w i l l  be concerned s p e c i f i c a l l y  w i t h  the  mechanical 
a tomiza t ion  o f  an incompressible l i q u i d  by hyd rau l i c  means as i l l u s t r a t e d  i n  
F igure  3. Any gas v e l o c i t e s  invo lved a re  assumed t o  be small enough so 
t h a t  c o m p r e s s i b i l i t y  e f f e c t s  a re  n e g l i g i b l e .  
As a  f i r s t  step, i t  i s  convenient t a  i d e n t i f y  the  var ious fc:-ces 
which are important  i n  t h e  atomizat ion process and t o  express them, 
p ropo r t i ona l  ly ,  i n  terms o f  t he  fundamental va r i ab les  p e r t i n e n t  t o  atomiza- 
t i o n  phenomena. Accordingly,  t h e  f o l l o w i n g  p r o p o r t i o n a l i t i e s  can be 
obtained: 
viscous f o r c e  a VVR 
sur face tensmion f o r c e  a OR 
i n e r t i a l  f o r c e  ci pV2a2 
pressure fo rce  a apt2  
g r a v i t y  f o rce  ~1 pga3 
I n  t h e  above, the  q u a n t i t i t s  V, a, Ap, p, v ,  o ,  g  are, respect ive ly ,  a  
c h a r a c t e r i s t i c  v e l o c i t y ,  c h a r a c t e r i s t i c  length,  c h a r a c t e r i s t i c  pressure 
drop, the dens i ty ,  v i s c o s i t y ,  sur facv  tension, and acce le ra t i on  due t o  g r a v i t y  . 
The f l u i d  p rope r t i es  are  taken t o  be those of t he  l i q u i d .  From the  f i v e  
fo rces  i d e n t i f i e d  i n  ( I ) ,  the  f o l l o w i n g  four nondimensional r a t i o s  can be 
formed : 
i n e r t i a l  f o rce  V a - : Reyrrolds Number 
viscous f o r c e  !J 
6 surface tens ion  force a - : Weber Number 
i n e r t i  a1 fo rce  pV2a 
pressure force, 
~1 .&- : Eu le r  Number 
i n e r t i a l  f o rce  pV2 
i n e r t i a l  f o r c e  01 - : Froude Number 
g r a v i t y  f o r c e  hjx- 
S i m i l a r  f o rce  r a t i o s  can a l so  be w r i t t e n  f o r  the gas i n  which case i t  i s  
deduced t h a t  t h e  r a t i o s  
where t h e  subsc r ip t  G denotes a  p rope r t y  o f  the  gas, a re  a l so  o f  importance. 
If t h e  independent var iab les  which descr ibe spac ia l  p o s i t i o n  and t ime a re  
nondimensionalized w i t h  respect t o  a  c h a r a c t e r i s t i c  l eng th  a and t ime T, 
t he re  r e s u l t  t h e  r a t i o s  
where r . i s  the spacia l  p o s i t i o n  vec tor  and t i s  the t ime. An add i t i ona l  
nondimensional r a t i o  which can be formed from the va r iab les  thus f a r  
in t roduced i s  
and basical ly  represents the r a t i o  of local t o  convective acceleration i n  the  
f l u id .  Ths i n i t i a l  veloci t ies  il. the  l iquid  and gas pr ior  t o  atomization 
have an important influence on the subsequent atomization process. In 
nondimensional form these i n i t i a l  ve loc i t i es  a re  
where the subscripts  i ,  L ,  G indicate the i n i t i a l  condition, l iquid ,  and 
gas, respectively.  The vector U represents the  velocity.  
From the previous discussion, i t  can be concluded t ha t  the 
atomization process i s  characterized by the following eleven nondimensional 
parameters: 
These same parameters can a lso  be obtained from more elegant mathematical 
csnsiderati  ons i F one renders nondimensi onal the di  f f e r en t i  a1 equations and 
boundary conditions which describe the atomization process. In t h i s  case,  
the  Navier-Stokes and continuity equations together with conditions on the  
normal and shear s t resses  between the  l iquid  and gas, continuity of l iquid  
and gas ve loc i t i es  a t  the in terface ,  and i n i t i a l  conditions on l iquid  and 
gas v e l o c i t i ~ s  cons t i tu te  the appropriate s e t  of difTerential  equations 
and boundary conditions. 
2.2 Use of Sinii l a r i  ty Parameters 
The nondimensional parameters l i s ted  in (7)  may be used in two 
ways. F i rs t ,  when conducting model studies of some prototype design, the 
principle of dynamic similarity requires that  each or the parameters have the 
same numerical value in model and prototype. This insures tha t ,  in addition 
to theflowsbeing kinematically similar,  a l l  forces are in the appropriate 
ratios and the flows are also dynamically similar,  hence the origin of the 
term "similarity param~ter" . For complete similarity of model to  prototype 
i t  i s  required that  
for a l l  eleven parameters, where the subscripts m,  p indicate the model and 
prototype, respectively. 
A second use for  s imilar i ty  parameters i s  in the formulation of 
prediction equations. From dimensional considerations, i t  i s  known tha t  a 
flow process i s  described not by the numerous independent and dependent 
variables acting separate1 y , b u t  by a certain minimum number of nondimensi onal 
parameters. Hence, for  the case of atomizatibo under consideration, i t  can 
be shown tha t ,  i n  general, the mean droplet diameter D produced by a 
particular injector can be expressed in terms of the el even parameters 
l i s ted  in (7 ) ,  i .e . ,  
where F denotes the func t i ona l  r e l a t i o n s h i p  t o  be determined by a n a l y t i c a l  
o r  experimental means. 
2.3 Parameters Important i n  P l a t e l e t  I n j e c t o r  Study 
The p l a t e l e t  i n j e c t o r  study considered i n  t h i s  r e p o r t  invo lved  
experimental i nves t i ga t i ans  o f  l a r g e  sca le  models o f  p ro to type i n j e c t o r  
designs. The scale chosen, 7.8 t o  1.0, resu l t ed  i n  the  smal lest  model t h a t  
could be produced us ing convent ional machining operat ions. A1 so, var ious 
geometry changes could be s tud ied  more convenient ly  w i t h  the  models than 
w i t h  the  r e l a t i v e l y  small prototype i n j e c t o r s .  The pro to type i n j e c t o r s  
had minimum o r i f i c e  dimensions on the order  o f  0.020 i n c h  and were manufactured 
by a specia l  photoetching process. 
It has been deduced t h a t  the hydrau l i c  atomizat ion o f  a l i q u i d  i s  
descr ibed by the  parameters l i s t e d  i n  ( 7 )  and, furthermore, t h a t  any 
model study s f  such a process should be based on the  cond i t ions  s p e c i f i e d  
by (8) .  Since i t  i s  i n  general impossible t o  s a t i s f y  a l l  e leven o f  the  
cond i t ions  requ i red  by (8) ,  each o f  the i n d i v i d u a l  parameters, as l i s t e d  i n  
(71, w i l l  be examined separate ly  i n  o rder  t o  determine t h e i r  r e l a t i v e  
importance. From these considerat ions,  c r i t e r i a  w i l l  be es tab l i shed f o r  the  
i n t e r p r e t a t i o n  o f  the experimental r e s u l t s .  I n  the  comments v'. ich f o l l ow ,  
complete geometric s i m i l a r i t y  between model and pro to type w i  11 be assumed. 
: I n  general, f o r  l a r g e  Reynolds number (>10,000) 
f l o w  o f  an incompressible l i q u i d  through an 
o r i f i c e ,  t h e  r a t i o  o f  pressure drop across the  
o r i f i c e  t o  the  terms p V 2  i s  constant.  Hence, 
t h i s  nondimensional parameter w i l l  have the  same 
numerical  va lue i n  model and p ro to t ype  so long  
as the  Reynolds number i s  above some minimum 
c r i t i c a l  value. 
: I t  i s  expected t h a t ,  near  t h e  o u t l e t  o f  t he  
i n j e c t o r  where t h e  a tom iza t i on  process i s  i n i t i -  
ated, i n e r t i a l  e f f e c t s  w i l l  be o f  much more 
importance than g r a v i t a t i o n a l  e f f e c t s .  Th is  
parameter w i l l  thus be r e l a t i v e l y  un impor tant  
and can s a f e l y  be om i t t ed  i n  subsequent 
cons idera t ions .  
: The numerical  va lue  o f  t h i s  parameter i s  d i c t a t e d  
by the cho ice  o f  re fe rence  q u a n t i t i e s .  I f  the  
re fe rence  t ime T f o r  t he  process i s  taken equal 
t o  ( k / V ) ,  then t h i s  nondimensional parameter i s  
i d e n t i c a l l y  equal t o  u n i t y  f o r  b o t h  model and 
p ro to type .  Th i s  cho ice  o f  re fe rence  t ime i s  
deemed a p p r o p r i a t e  f o r  t h e  process under cons ider -  
a t i  on. 
: Th i s  parameter i s  impor tan t ,  b u t  i s  n o t  c o n t r o l -  
l a b l e  i n  the  c u r r e n t  s tudy  s i nce  bo th  model and 
p ro to t ype  a tom iza t i on  occur  i n  ambient a i r .  
~ o ~ o v ' ~  lids no ted  t h a t  an inc rease  i n  t h e  r a t i o  
( P ~ / P )  o f  300% caused a decrease o f  57% i n  t h e  
mean d r o p l e t  d iameter  as measured f o r  t h e  atomi-  
z a t i o n  o f  a  s i n g l e  j e t  o f  f l u i d .  I n  t h e  c u r r e n t  
i n v e s t i g a t i o n ,  (p /pG)  v a r i e d  by 1  OX between 
model and p ro to type ,  t he  p r o t o t y p e  hav ing t he  
1  a rge r  va l  ue. 
: Th i s  parameter i s  a l s o  i ~ p o r t a n t ,  b u t  uncon t ro l -  
l a b l e  f o r  t he  same reason s t a t e d  above* Popov 14  
found t h a t  t h e  mean d r o p l e t  d iameter  decreased 
by 8% when t h e  r a t i o  ("1~) was inc reased  by 
300%. I n  t h e  c u r r e n t  i n *des t i ga t i on ,  (v /uG) v a r i e d  
by 300% between model and p ro to t ype ,  t h e  
p r o t o t y p e  hav ing  t he  l a r g e r  va lue .  
: These parameters i n d i c a t e  t ha t ,  so l ong  as a1 1 
o t h e r  c o n d i t i o n s  a re  s a t i s f i e d ,  t h e  a tom iza t i on  
processes o f  model and p r o t o t y p e  w i l l  have t h e  
same s p a t i a l  r e1  a t i  onshi  p and t i m e  correspondence. 
I n  t h e  model s t u d i e s  r epo r t ed  here,  precise 
t ime c~ r respondence  between events  was n o t  
demanded s i nce  o n l y  average o r  t y p i c a l  atomiza- 
t i o n  processes were o f  concern. 
luiY'] , [v] : These parameters express t h e  requi rement  t h a t  
t h e  i n i t i a l  gas and l i q u i d  v e l o c i t y  d i s t r i b u t i o n s  
should  be i d e n t i c a l  i n  model 3nd p ro to t ype .  I n  
t h e  c u r r e n t  s tudy,  UiYG was n e g l i g i b l e  f o r  bo th  
model and p ro to t ype .  So l o n g  as t h e  Reynolds 
numbers and i n t e r n a l  f l o w  passages a re  i d e n t i c a l  
i n  model and p ro to t ype ,  i t  i s  a n t i c i p a t e d  t h a t  
U will have the same average distribution 
- i  ,L 
in both instances. 
From the previous considerations i t  i s  concluded that  model studies 
of hydraulic atomization can be based on the requirements of equality of 
Reynolds and Weber numbers 
From (10) the following transfer relations between model and prototype can 
be establ ished 
n 
The Euler number then yields the relationship between pressure drops 
3. EXPERIMENTAL PROGRAM 
3.1 Model Design 
A model - to-prototype i n j e c t o r  sza le  o f  7.81-to-1.0 was adopted f o r  
use i n  t h e  exper imental  program. Th i s  cho ice  o f  sca le  was d i c t a t e d  by two 
opposing cons idera t ions .  F i r s t ,  i t  was des i red  t o  have t h e  model as smal l  
as p o s s i b l e  i n  o rder  t h a t  t he  inodeling c r i t e r i a  s e t  f o r t h  i n  Sec t ion  2 
could be adhered t o  as c l o s e l y  as poss ib l e .  On t h e  o t h e r  hand, i t  was neces- 
sary  t o  have t he  model as l a r g e  as poss ib l e  t o  a l l o w  f o r  ease o f  manufacture 
us ing convent iona l  machining opera t ions .  Along t h i s  same l i n e ,  i t  was 
necessary t o  choose a  sca le  which would r e s u l t  i n  convenient  dimensions f o r  
the model. 
P ro to type  x-doublet  and sp lash-p la te  i n j e c t o r s  used i n  the  program 
were supp l i ed  by the  Ae ro je t  L i q u i d  Rocket Company. A photograph o f  a  
t y p i c a l  p ro to t ype  x-doublet  i n j e c t o r ,  as mounted f o r  t e s t i n g ,  i s  presented 
i n  F i g u r e  4. Models o f  t he  x-doublet  were cons t ruc ted  f rom aluminum 
p l a t e s  us ing  s tandard broaching and m i l l i n g  techniques.  The p l a t e s  were 
fastened t oge the r  w i t h  machine screws. A  photograph o f  a  t y p i c a l  x-doublet  
model (XD-MI) i s  presented i n  F igure  5. The des igna t i on  XD-MI r e f e r s  t o  
"x -doub le t  model number I", w i t h  s i m i l a r  des igna t ions  used f o r  o t h e r  models. 
A p ro to t ype  sp lash -p la te  was tes ted ,  b u t  no sp lash -p la te  models were 
cons t ruc ted .  Sketches, t oge the r  w i t h  the dimensions o f  a1 1  models tes ted ,  
are i n c l u d e d  i n  Appendix A. 
The f u e l  proposed f o r  use w i t h  t he  p ro to t ype  i n j e c t o r s  was l i q u i d  
MMH. So f a r  as hyd rau l i c s  a re  concerned, t h e  f l u i d  p r o p e r t i e s  o f  l i q u i d  
MMH a t  room termperature a r e  very  c l ose  t o  those o f  water .  Accord ing ly ,  i t  
Figure 4. Typica l  Prototype X-Doublet I n j e c t o r  Mounted f o r  Tes t ing  
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Figure 5. Typical X-Doubl e t  Model (XD-Mi ) 
was decided t o  evaluate the hydrau l ic  p rope r t i es  of the prototype i n j e c t o r s  
us ing water as the working f l u i d  i n  the f u e l  s i de  o f  t he  i n j e c t o r .  For 
any scale o the r  than u n i t y ,  the  f i r s t  o f  equations (11) d i c ta tes  t h a t  some 
f l u i d  o the r  than water must be used i n  the  model t es t s .  Glycerol-water 
so lu t ions  were used i n  the t e s t  program. For a  scale of 7.81-to-1.0, the 
f i r s t  o f  equat ions (11) i s  s a t i s f i e d  by a  34% aqueous g l yce ro l  so lu t i on .  
I f  the model i s  based on the ac tua l  f l u i d  p rope r t i es  o f  l i q u i d  MMH a t  200°F, 
then a  24% s o l u t i o n  i s  appropr iate.  For comparison purposes, a  34% solu- 
t i o n  was used almost exc lus i ve l y .  Proper t ies  of a l l  f l u i d s  used i n  the 
experiments are  summarized i n  Appendix B. 
3.2 Experimental Flow F a c i l i t y  
Photographs o f  the f l o w  f a c i l i t y  used i n  the  t e s t s  a re  presented i n  
Figures 6 through 8. A l i n e  diagram of t he  f l o w  f a c i l i t y  and associated 
equipment i n fo rma t ion  i s  inc luded i n  Appendix A. I n  the  f low f a c i l i t y ,  t he  
i n j e c t o r  which i s  t o  be tes ted  i s  bo l ted  t o  a  small plenum chamber which 
i s  i n  t u r n  supp l ied  w i t h  f l u i d  from an 82 g a l l o n  rese rvo i r .  The r e s e r v o i r  
i s  pressur ized t o  an appropr ia te  value (depending on the f low r a t e  t o  be 
es tab l ished)  us ing  100 p s i g  house a i r .  The pressure i n  the  plenum chamber 
i s  monitored w i t h  a  Bourdon tube pressure gage and the  volumetr ic  f low r a t e  
i s  measured w i t h  a  rotameter. A sketch o f  the plenum chamber i s  presented 
i n  Appendix A. The f l u i d  i s  exhausted i n t o  a i r  a t  ambient room cond i t ions  
(genera l l y  70 - 75"F, 30 - 40% r e l a t i v e  humidi ty)  and c o l l e c t e d  i n  a ho ld ing  
tank. A f requent  check of spec i f i c  g r a v i t y  i s  made on the f l u i d  i n  the 
ho ld ing  tank and cor rec ted  i f  necessary before r e t u r n i n g  the f l u i d  t o  the 
rese rvo i r .  
Figure 6. Flow F a c i l  i t y  w i t h  Shadowgraph 
F igu re  7. Flow F a c i l i t y  w i t h  Stroboscopic Back-L igh t ing  
Figure 8. Flow F a c i l i t y  Showing Plenum Chamber and Mass Measurement Apparatus 
3.3 Photographic Techniques 
The photographic techniques used t o  produce the  stop-act ion photo- 
graphs inc luded i n  t h i s  r e p o r t  a re  shown schemat ica l ly  i n  F igure 9. The 
ac tua l  systems are  shown i n  Figures 6 and 7 .  S p e c i f i c  data on the important  
system componefits are tabu la ted  i n  Appendix C. 
The spark-shadowgr,ph technique was used f o r  a l l  p ro to type studies.  
The spray f i e l d  produce0 by the i n j e c t o r  was i l l u m i n a t e d  by an approximately 
co l l ima ted  beam of l i g h t  from a spark-discharge p o i n t  source which was 
o r i g i n a l l y  designed f o r  use w i t h  a small b a l l i s t i c s  tunnel i n  the  labora-  
t o r i e s  of the  Aerospace Engineering Department a t  the U n i v e r s i t y  of Texas 
a t  Aust in .  To generate a spark source, f i v e  .05 v f  capac i to rs ,  wi red i n  
p a r a l l e l ,  were charged t o  4000 v o l t s  and then discharged across an i on i zed  
a i r  gap. A spark du ra t i on  of approximately 1.0 p-sec was thus obtained. 
A complete ana lys i s  o f  the shadowgraph o p t i c a l  system i s  considered i n  
Appendix C. 
A stroboscopic back- l igh ted  arrangement was adopted f o r  use i n  the  
model s tudies.  This  change was necess i ta ted  by the  r e l a t i v e l y  small f i e l d  
o f  view a t t a i n a b l e  w i t h  the shadowgraph system. The spray f i e l d  produced 
by the  model was i l l u m i n a t e d  from behind by a s i n g l e  f l ash ,  w i t h  a du ra t i on  
o f  approximately 50 v-sec., from a stroboscopic lamp. Before reaching 
the spray, the 1 i g h t  was d i f f u s e d  by p ~ s s ~ g e  through two 114-in. sheets o f  
t r ans lucen t  a c r y l i c  p l a s t i c .  The p l a s t i c  sheets were rendered t rans lucent  
by sand-blast ing. The photographs obta ined w i t h  t h i s  sytem d i d  n o t  have 
the c l a r i t y  and depth o f  f i e l d  e x h i b i t e d  by the  shadowgraphs, bu t  were o f  
s u f f i c i e n t  q u a l i t y  f o r  q u a l i t a t i v e  comparison o f  var ious  i n j e c t o r  designs. 
High speed movies (4000 frameslsec .) were success fu l l y  obtained f o r  
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Figure 9. Stop-Action Photographic Techniques 
several d i f f e r e n t  opera t i  ng cond i t ions  f o r  the s t rndard  x-doubl e t  model 
(XD-MI). However, s ince none of the  movie frames are  reproduced i n  t h i s  
repor t ,  a l l  o f  t he  data associated w i t h  the  t a k i n g  o f  t he  movie sequences 
a re  summarized i n  Appendix C. 
3.4 - Flow V i s u a l i z a t i o n  Studies 
I n t e r n a l  f l o w  v i s u a l i z a t i o n  s tud ies  were conducted us ing the 
15.7-to-1.0 t ransparent  scale model o f  the x-doublet, shown i n  F igure 10. 
A sketch o f  t h i s  model i s  inc luded i n  Appendix A. Since on l y  the  i n t e r n a l  
f l ow  c h a r a c t e r i s t i c s  o f  the model were t o  be studied, watet. was used i n  the 
t e s t  and the  f l w  r a t e  was adjusted t o  ob ta in  s i m i l a r i t y  o f  Reynolds numbers 
between model and prototype. Streak l i n e s  o f  the f l ow  were rendered 
v i s i b l e  by the i n j e c t i o n  of i n k  i n t o  the  f low f i e l d .  
3.5 I n l e t  Cross-Flow Studies 
The s e n s i t i v i t y  o f  the x-doublet t o  an i n l e t  c ross- f low was s tud ied  
through use o f  the  i n l e t  cross- f low mani fo ld  shown i n  F igure  11. A sketch 
o f  the man i fo ld  i s  inc luded i n  Appendix A. The model i n j e c t o r  was bo l ted  
t o  the manifold. Flow entered the  man i fo ld  from the plenum chamber through 
the  hole near the l e f t  o f  the man i fo ld  as seen i n  F igure 11, and proceeded 
along thc  rec tangu lar  s l o t .  Pa r t  o f  the f l o w  cou ld  be a l lowed t o  bypass the 
i n j e c t o r  and e x i t  through the p ipe  at tached t o  the mani fo ld.  The amount 
o f  cross- f low was regulated by a va lve  i n  the e x i t  l i n e .  Cross-flow 
v e l o c i t i e s  o f  23% o f  the i n j e c t o r  e x i t  v e l o c i t y  cou ld  be obtained w i t h  the  
i n j e c t o r  opera t ing  a t  design cond i t ions .  The i n l e t  o r i f i c e s  of the i n j e c t o r  
cou ld  be o r i en ted  a t  var ious angles t o  the  cross-f low. 
FT3ure 10. Flow V isua l  i z a t i o n  Model f o r  X-Doublet 
F i q u r e  1 1 .  I n l e t  Ct-oss- t lo \ .  ? a q i f o ? r l  
3.6 Mass D i s t r i bu t i on  i n  Spray - F i e l d  
Mass d i s t r i b u t i o n  i n  the spray f i e l d  generated by the x-doublet was 
invest igated using the apparatus shown i n  Figure 12. The experimental set  
up ac tua l l y  used i s  depicted i n  Fipure 8. As w i t h  other components o f  the 
. 
experimental apparatus, a sketch of t h i s  debice i s  a lso included i n  
Appendix A. The mass d i s t r i b u t i o n  i n  the spray f i e l d  was measured by 
c o l l e c t i n g  the out f low from the i n j e c t o r  i n  a 1/8-inch wide co l l ec t i on  s l o t  
posi t ioned perpendicular t o  the spray fan. The co l l ec t i on  s l o t  could be 
t ranslated p a r a l l e l  t o  the spray fan, thus al lowing the mass d i s t r i b u t i o n  t o  
be determined. Since the spray fan thickness was small compared w i th  i t s  
width, measurements were not  obtained i n  a d i r ec t i on  normal t o  the face of 
the fan. 
Figure  12. Apparatus Used fo r  Measuring Mass D i s t r i b u t i o n  i n  I n j e c t o r  Spray F i e l d  
4. RESULTS 
4.1 Photoqraphs of Prototype In jec to rs  
Photographs of the atomized spray f i e l d s  produced by both x-doublet 
and splash-plate prototype i n j ec to r s  are presented i n  Figures 13 and 14. 
The per t inen t  data associated w i th  these photographs are sumnarized i n  
Table 1. I n  t h i s  table, as well  as sukequent tables, the photograph 
i d e n t i f i c a t i o n  numbers r e f e r  t o  the photographic negative numbers tabulated 
i n  Appendix 0. The photograph scale i s  the r a t i o  o f  photographic dimensions t o  
actual  dimensions, hence i n  Figures 13 and 14 the photographs are 1.37 times 
actual size. The pressure drop i s  the difference i n  plenum chamber pressure, 
where the f l u i d  ve loc i t y  i s  neg l ig ib le ,  and atmospheric pressure. A l l  i n j ec to r s  
tes ted were exhausted t o  ambient a i r  a t  room condit ions. Water was used 
as the working f l u i d  i n  a l l  prototype studies. Droplets which tended t o  
c o l l e c t  on the face o f  the i n j ec t c r s  during t e s t i n g  were removed by c a p i l l a r y  
tubes. These tubes are v i s i b l e  i n  some o f  the photographs, but they i n  no 
way i n te r f e red  w i t h  the atomization process. 
4.2 Photoqraphs - o f  X-Doublet Models 
Photographic r esu l t s  obtained w i th  the various x-doublet models 
tested are reproduced i n  Figures 14 through 22 w i t h  associated data 
tabulated i n  Table 2. Sketches o f  the various models are t o  be found i n  
Appendix A. Model XD-MI i s  the standard 7.81 -to-1.0 scale model o f  the 
x-doublet prototype. Models XD442 through XD-M4 are models f o r  which the 
various p l a t e l e t  thicknesses have been al tered.  Model XD-M5 i s  the standzrd 
model operating without an o r i f i c e  plate.  Model XD-M6 i s  a standard model 
f o r  which the edges o f  the o u t l e t  o r i f i c e  were beveled. I n  model XD-M7 
the spacing between i n l e t  o r i f i c e s  was increased by 50% cver t ha t  used i n  
the standard design. 
The atomized f l u i d  i l l u s t r a t e d  i n  a l l  f igures except Figure 22 was 
a glycerol-water so lu t ion  w i t h  a spec i f i c  g rav i t y  o f  1.085. I n  Figure 22 
the spec i f i c  g rav i t y  was 1.059. When water i s  used i n  the prototype, the 
f i r s t  o f  the t rans fe r  equations (11) d ic ta tes  that ,  f o r  a model scale o f  
7.81-to-1 .O, i t  i s  necessary t o  use a glycerol-water so lu t ion w i t h  a speci- 
f i c  g r a v i t y  o f  approximately 1.085 (34% g lycero l )  i n  the model i n  order t o  
maintain s i m i l a r i t y  o f  the flows. For t h i s  case, the t ransfer  r a t i o s  are 
If, however, i t  i s  assumed tha t  l i q u i d  MMH a t  200°F i s  the prototype f l u i d ,  
then a so lu t ion  w i t h  a spec i f i c  g rav i t y  o f  1.059 (24% g lycero l )  i s  appro- 
p r ia te .  The t rans fe r  r e l a t i ons  i n  t h i s  case are 
4.3 Photographs of Cross-Flow Studies 
I n  Figure 23, photographs are presented fo r  the standard i n j e c t c r  
(XD-MI ) , bol ted t o  the cross-f low manifold, w i t h  and without cross-flow. 
The spec i f f c  condi t ions f o r  the t e s t  are  summarized i n  Table 3. For each 
o f  the two or ienta t ions considered, the cross-f low ve loc i t y  was approximately 
23%. I n  estab l ish ing the cross-f low ve loc i ty ,  the fo l lowing formula was 
used 
(Upstream Veloc i ty  + Downstream Vel oc i  t y ) / 2  
% Cross-flow Veloci ty = x 100. 
Average E x i t  Ve loc i ty  from In j ec to r  
Using the manifold and i n j e c t o r  dimensions given i n  Appendix A, equation 
(15) becomes 
% Cross-flow Veloc i ty  = 
* - Q1 J , 
where Q represe1:ts a volumetric flow r a t e  and the subscripts T and I r e f e r  
t o  the t o t a l  and i n j e c t o r  vz!umetric f low rates, respect ively.  
4.4 Photographic Comparison oi' Modci and Prototype 
I n  Figure 24, photographs are presented which a1 low d i r e c t  compari - 
sons t o  be made between model and prototype. For example, the model pressure 
drop associated w i t h  Figure 24.a i s  2.44 ps i  which corresponds t o  a pressure 
drop o f  20 ps i  i n  the prototype. Likewise, the photographic scale o f  3.83 
i s  7.98 times l a rge r  than the scale o f  0.48 used f o r  the model photographs. 
The value 7.98 compares reasonably wel l  w i t h  the cor rect  value of 7.81. 
4.5 V-Doublet I n j e c t o r  
A h igh ly  modif ied version of the x-doublet model i n j ec to r ,  c a l l e d  
a v-doublet (VD-MI ) was constructed dur ing the course o f  the study. A 
photograph o f  the model together w i t h  a shop drawing are included i n  
Table 1. Data f o r  Prototype Photographs 
Specific Photograph Pressure Fl  ow Rate Figure Photagraph In jec tor  ew Gravity Scale Drop (psi ) ( gm/ set ) 
XD-P Face 
Side 
Face 
Side 
Face 
Side 
Face 
Side 
Face 
Side 
SP-P Face 
Side 
Face 
S i  Ge 
Face 
Side 
Table 2. Data fo r  X-Doublet Model Photographs 
Figure Photograph I n j e c t o r  Spec i f ic  Photograph Pressure F l  ow Rate View Gravi ty  Scale Drop (ps i )  ( gm/sec ) 
XD-MI Face 1.085 0.48 1.25 
2.35 
3.65 
5.30 
7.20 
9.65 
XD-M2 Face 1.085 0.48 2.35 
3.75 
5.50 
7.50 
XD-M3 Face 1.085 0.48 1.95 
3.20 
4.50 
6.30 
XD-M4 Face 1.085 0.48 2.05 
3.45 
4.95 
6.75 
Table 2. (continued) 
Figure Photograph In j ec to r  Specific Photograph Pressure Flow Rate 
"jew Gravity Scale (ps i  ) (gal /mi  n) 
19.a 66 XD-M5 Face 1.085 0.48 1.45 0.8 
.b 67 2.35 1 .O 
. c 68 3.45 1.2 
. d 69 4.70 1.4 
20.a 85 XD-M6 Face 1 .085 0.48 0.70 0.6 
.b 8 7 2.10 1 .O 
21 . d  94 XD-M7 Face 1.090 0.48 3.2 1 .O 
.b 99 3.2 1 .@ 
. c 9 5 4.70 1.2 
. d 97 6.60-8.80 1.4-1.6 
22.a 77 XD-MI Face 1 .059 0.48 1.30 0.6 
.b  78A 3.65 1 .O 
. c 79B 7.20 1.4 
Table 3. Data for  Cross-Flow Photographs 
Speci f ic  Photograph Pressure* Total Flow Figure Photograph In j ec to r  View Gravity I n j ec to r  Injector** Scale Drop (ps i )  Rate (gal/min) Flow Rate Orientat ion 
(gal/min) i n  Channel 
- - - -  
23. a 81 B XD-MI Face 1.059 0.48 3.20 2.00 9.87 Perpendicular 
.b 82RB 2.65 0.87 0.87 I1  
. c 83 3.25 2.00 0.88 Para l le l  
. d 84 2.75 0.88 0.88 I1  
* Pressure drop measured between plenum and ambient a i r ,  i .e., across e n t i r e  manifold arrangement. 
I , ,  ,.,,... r , ,  
-
** Perpendicular: 0 - 
0 
. . . . .  . . . , , ,  
1 . 1 .  .,, 1 , .  
Para l le l  : 0 0 
Table 4. Data f o r  Comparison Photographs o f  Model and Prototype 
F i  gure Photograph I n j e c t o r  Spec i f ic  Photograph Pressure Vi ew Gravi t y  Scale Drop ( p s i )  F l  ow Rate 
XD-MI 
XD-P 
XD-MI 
XD-P 
XD-MI 
XD-P 
XD-MI 
XD-P 
13.a X-Doublet Proto type,  Face 
S.G. = 1.0, 10 p s i ,  1.90 gm/sec 13.b X-Doublet Proto type,  Side S.G. = 1.0, 10 p s i ,  1.90 gm/sec 
13.c X-Doublet Proto type,  Face 
S . G .  = 1 .O, 23 p s i ,  2 .68 yrn/sec. 
13.d X - D o u ~ l e t  P r ~ t o t y p e ,  Side 
S.G. = 1.0, 20 p s i ,  2.68 gm/sec. 
13. e X-Doubl e t  ? r0 t0 t ype9  Face 
S . G .  = 1 . 0 9  3~ p s i ,  3.32 gmlsec. 
13. f X-Oc11bl e t  Prototype, Side 
S . G .  = 1.0, 30 p s i ,  3.'2 gmlsec. 
13.9 X-Doublet Prototype, Face 
S.G. = 1.0, 40 p s i ,  3.80 gm/sec. 
13.h X-Doublet Prototype, Side 
S.G. = 1.0, 40 p s i ,  3.80 grn/sec. 
13. i X-Doublet Prototype,  Face 
S.G. = 1.0, 50 p s i ,  4.26 grnisec. 
13. j X-Doubl e t  Prototype,  Side 
S.G.  = 1.0, 59 p s i ,  4.26 gm/sec. 
1 4 . a  S p l a s h - P l a t e  P r o t o t y p e ,  Face 
S.G. = 1 . 0 ,  20 p s i ,  2 .26  gm/sec. 
1 4 . b  S ? l a s h - P l a t e  P r o t o t y p e ,  S i d e  
S.G. = 1 0 ,  26 p s i ,  2 .26  gmlsec .  
14.c Splash-Pla te  Proto type,  Face 
S.G. = 1.0, 30 p s i ,  2 .77  gn/sec. 
14.d Splash-Pla te  Proto type,  Side 
S.G. = 1.0, 39 p s i ,  2.77 grn/sec. 
14.e Splash-Plate Proto type,  Face 
S.G. = 1.0, 40 ps!, 3.20 grn/sec. 
14. f Spl ash-Pla te  Proto type,  Side 
S.G. = 1.0, 40 p s i ,  3.2C grn/sec. 
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15.a Model XD-MI 15.b Model XD-MI 
S.G.=1.085, 1.25 ps i ,  0.6 ga:/rnin. S.G.=1.085, 2.35 p s i ,  0.8 gal/rnin. 
15.c Model XD-MI 
S.G.=1.085, 3.65 ps i ,  1.0 gal/rnin. 
15.d Model XD-MI 
S.G.=1.085, 5.3 ps i ,  1.2 gal/rnin. 
- - 3 . e  Model XD-MI 15. f Model XD-MI 
S.G.=1.085, 7.20 psi, 1.4 gallmin. S.G.=1.085, 9.65 psi, 1.6 gallmin. 
16.a Model XD-M2 16.b Model XD-M2 
S.G.= 1.085, 2.35 p s i ,  0.8 gal/min. S.G.=1.085, 3.75 p s i ,  1.0 gal /min.  
16.c Model XD-M2 16.d Model XD-M2 
S.G.=1.085, 5.50 p s i ,  1.2 ga l lm in .  S.G.=1.085, 7.50 p s i ,  1.4 gal /min.  
! 7.a Model AD-M3 
S.G.=1.085, 1.95 p s i ,  0.8 gal/min. 
17. b Model XD-M3 
S.G.=1.085, 3.20 psi, 1.0 gal/rnin. 
17.c Model XD-M3 
S.G.=1.085, 4.50 p s i ,  1.2 gal/min. 
17.d Rode1 XD-M3 
S.G.=l.C85, 6.30 p s i ,  1.4 ga l / r~ i in .  
18.a Model XD-M4 
S.5.=1.005, 2.05 p s i ,  0.8 gal lmin.  
18. b Model XD-M4 
S.G.=1.005, 3.45 p s i ,  1.0 gal/min. 
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18.c Model XD-M4 
S.G.=l.O85, 4.35 psi, 1.2 gal!%in. 
18.d R ~ d e l  XD-M4 
S.G.=1.085, 6.75 psi, 1.4 gal/min. 
19.a Model XD-M5 
S.G.=l.085, 1.45 p s i ,  0.8 ga l lm in .  
19.b Model XD-M5 
S.G.=1.085, 2.35 p s i ,  1.0 ga l lm in .  
. . .  
: +.. : , i - I.  1- . . . ' . -* 
19.c Model XD-M5 19.d Model XD-M5 
S.G.=1.085, 3.45 p s i ,  1.2 gal / rn in.  S.G.=1.085, 4.70 p s i ,  1.4 ga l /m in .  
20.a Model XD-M6 20. b Model XD-M6 
S.G.=1.085, 0.70 p s i ,  0.6 gal/min. S.G.=1.085, 2.10 p s i ,  1.0 gal/min. 
20.c Model XU-F!6 
S.G.= 1.085, 4.50 p s i ,  1.4 gal/min. 
Figure 21 .a XD-M7 F igure 21 . b XD-M7 
S.G.=1.090, 3.20 ps i ,  1.0 gal/min. S.G.=1.090, 3.20 ps i ,  1.0 gal/min. 
I.. . 
Figure  21.c XD-M7 Figure  21 . d XD-M7 
S.G.=1.090, 4 .70 p s i ,  1 .2  gal/min.  S.G.=1.099, 6.6-8.8 p s i ,  
1.4-1.6 gal/min.  
22.a Model XD-MI 
S.G.=1.059, 1.30 ps i ,  0.6 gal lmin.  
22.b Model XD-MI 
S.G.-1.059, 3.65 p s i ,  1.0 ga l lm in .  
22.c Model XD-MI  
S.G.=1.059, 7.20 p s i ,  1 .4  ga l / ta in .  

23.c Model XD-MI , 23:; Cross-Flow Velocity 
S.G.=1.059, parallel 
23.d Model XD-MI, No Cross-Flow 
S.G.=1.059, paraiiel 
24.a Model XD-MI , Sca le  = 0.48 
S.G.=1.085, 2.44 p s i ,  0.82 ga l /m in .  
24.b X-Doublet Frotot .ype,  Sca le  = 3.83 
S.G.=1.0, 20 p s i ,  2.68 gm/sec. 
24 .  c Yodel XG-MI , S c a l e  = 0.48 
S.G.=1.085, 3.66 p s i ,  1.00 gal/rnin. 
24.d X-Doublet P r o t o t y p e ,  S c a l e  = 3.83 
S.G.=1.0,  30 p s i ,  3.32 grn/sec. 
24.e Model XD-M1 , Scale  = 0.48 
S.G.=1.085, 4.88 p s i ,  1.14 ga l /min .  
2 4 . f  X-Doublet P ro to type ,  Sca le  = 3.83 
S.G.=1.@, 40 p s i ,  3.80 gm/sec. 
24.9 Model XD-MI, S c a l e  = 0 .48  
S.G.=1.085, 6 . ? 0  p s i ,  1 . 2 8  gal /rnin.  
24.h X-Doublet P r o t o t y p e ,  S c a l e  = 3.83 
S.G.=1.0, 50 p s i ,  4 .26 grn/sec. 
Appendix A. The r e l a t i v e l y  l a rge  f l o w  r a t e  requ i red  f o r  t h i s  i n j e c t o r  was 
not  a t t a i n a b l e  w i thou t  modi fy ing the  experimental f a c i l i t y .  Accordingly,  
no photographs o f  the atomizat ion cha rac te r i s  c ics o f  t h i s  i n j e c t o r  were 
obtained. 
4.6 Q u a n t i t a t i v e  In fo rmat ion  Obtained from Tests 
Although most o f  the r e s u l t s  of t h i s  study were q u a l i t a t i v e  i n  
nature, a c e r t a i n  amount o f  q u a n t i t a t i v e  in format ion was obtained. 
Measurements o f  the  f l ow  r a t e  versus o v e r a l l  pressure drop were made f o r  
a l l  t qe  i n j e c t o r s  tes ted  du r ing  the program. The r e s u l t s  obtained w i t h  the 
pro to type i n j e c t o r s  us ing  water a re  p l o t t e d  Figure 25. S i m j l a r  r e s u l t s  f o r  
the standard x-doublet model us ing  a g lycero l -water  s o l u t i o n  w i t h  a speci-  
f i c  g r a v i t y  o f  1.085 (34% g l yce ro l  ) a re  p l o t t e d  i n  F igure  26. Flow r a t e  
versus pressure drop data f o r  t he  remainder o f  the  i n j e c t o r s  tes ted  are 
presented i n  F igure  27. Measurements o f  f l o w  r a t e  versus pressure drop 
were a l s o  made f o r  the standard r -doub le t  (XD-MI) us ing  a g lycero l -water  
s o l u t i o n  o f  s p e c i f i c  g r a v i t y  1.059 (24% g l y c e r o l )  i n  o rder  t o  more c l o s e l y  
model the  p rope r t i es  o f  l i q u i d  MMH a t  200°F. The data obta ined are v i r t u -  
a l l y  i n d i s t i n ~ u i s h a b l e  from the data of F igure  27 and are, consequently, 
no t  p l o t t e d .  
An i n j e c t o r  discharge c o e f f i c i e n t  Cd can be def ined by the equat ion 
where Q i s  the volumetr ic  f l ow  ra te ,  A the minimum f l ow  cross-sect ional  area, 
Ap t h e  pressure drop, and p the densi ty .  Using (16) ,  together  w i t h  Figures 
25 and 26, c o e f f i c i e n t s  f o r  the x-doublet p ro to type and model were found 
0 : pro to t ype  x-doublet  
A : p ro to t ype  sp lash p l a t e  
pressure drop ( p s i )  
F igure  25. Mass Flow Rate Versus Pressure Drop f o r  
Water-Flow Tests  o f  Pro to type  I n j e c t o r s  
pressure drop ( p s i )  
Figure 26. Volumetr-ic Flow Rate Versus Pressure Drop 
for  Standard X-Doubl e t  Model ( XD-MI ) 
(Glycerol-Water Solut ion wi th  S.G. = 1.085) 
0 
J 
0.3b I I I I I I 
I I 
2 3 4 5 6 7 8 9 1 0  1 
Pressure dr )P (psi)  
Figure 27. Volumetric Flow Rate Versus pressure Drop for X-DOublet 
Mode! r ( G I  ycerol -water S01ution with s.G- = 1 -085) 
t o  be v i r t u a l l y  constant over t he  range o f  cond i t i ons  i nves t i ga ted  and 
given by 
(cd) = 0.63 , (Cd) = 0.59 . 
prototype mode 1 
(17) 
Also, the slopes o f  a l l  the curves i n  Figures 25 through 27 were found t o  
be equal t o  one-half ,  i n  accordance w i t h  Equation (16).  A l l  data upon 
which Figures 25 through 27 are  based i s  tabu la ted  i n  Appendix D. 
From ca re fu l  considerat ions o f  enlarged photographs, i t  was poss ib le  
t o  measure the t o t a l  inc luded angle o f  the spray f i e l d  f o r  both the x-doublet 
model and prototype.  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  are  tabu la ted  i n  
Appendix D and presented g raph ica l l y  i n  F igure 28. I n  F igure 28, the pres- 
sure drop ~p i s  nondimensionalized w i t h  respect  t o  the  sur face tension 
and a c h a r a c t e r i s t i c  length,  taken t o  be the minimum dimension o f  the 
i n j e c t o r  e x i t .  
The i n i t i a l  l eng th  o f  the f l u i d  sheet ai p r i o r  t o  complete breakup 
was a l s o  measured from photographs o f  the spray f i e l d .  These measurements 
are  inc luded i n  Appendix D and form the  basis  f o r  F igure 29. Although 
measurementscfthis type tend t o  be somewhat sub jec t ive ,  a reasonably 
cons i s ten t  behavior i s  desceraib le from F igure  29. 
The mass d i s t r i b u t i o n  i n  the spray fan  generated by the standard 
x-doublet model was measured by c o l l e c t i n g  the  e f f l ux  i n  a 1/8- inch wide 
c o l l e c t i o n  s l i t  placed perpendicular  t o  the spray fan. I n  t h i s  way, the  
mass d i s t r i b u t i o n  p l o t t e d  i n  F igure 30 was determined, I n  F igure 30, m 
represents the  mass c o l l e c t e d  per  u n i t  t ime i n  the  c o l l e c t i o n  s l i t ,  M 
i s  t he  t o t a l  mass f l ow  per  u n i t  t ime from the  i n j e c t o r ,  x  i s  the d is tance 
0 : prototype x-doublet 
: XD-MI 
nondimensional pressure (91 
F';~re 28. Total Included Spr~adinq Anqle of the Atomized S~rav Field 
Versus ~ondirnensional ~Fess i re .  (S.G.  = I .O for bro'lotype, 
= 1.085 for XD-MI ) 
0 : prototype x-doublet 
: XD-M1 
2000 3000 
nondimensional pressure 
Figure 29. I t ~ i t i a l  Sheet Length Versus Nondimensional Pressure. 
(S.G. = 1.0 f o r  prototype = 1.085 f o r  XD-MI) 
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n 
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% A  Figi;re 30. Mass D i s t r i b u t i o n  i n  0 
0 
4 
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"'i 0 0 A a  A 
from the c e n t e r l i n e  o f  the  i n j e c t o r  t o  the  c e n t e r l i n e  o f  t he  c o l l e c t i o n  
s l i t ,  w i s  one-half  the w id th  of the  spray f i e l d  a t  the  l o c a t i o n  where the  
measurements were made, and h i s  the d is tance from the  face o f  the i n j e c t o r  
t o  the c o l l e c t i o n  s l  i t .  Since the spray fan was essent'al l y  two-dimensional , 
i t  was cleemed s u f f i c i e n t  t o  measure the  mass d i s t r i b u t i o n  across the  face 
o f  the spray fan, on ly .  
4.7 Comparison --- o f  Model t o  Prototype 
If the in fo rmat ion  contained i n  Figures 25, 26, 28, and 29 i s  
s tud ied  c a r e f u l l y ,  t he  f o l l o w i n g  conclusions can be drawn w i t h  regard t o  
the x-doublet p ro to type and the  standard model (XD-MI): 
1. The dependence o f  f l o w  r a t e  on pressure drop i s  i d e n t i c a l  
f o r  bath model and prototype.  
2. The discharge c o e f f i c i e n t s  f o r  model and pro to type agree 
w i t h i n  10%. 
3. Fan spreading angles f o r  both model and pro to type are 
c l o s e l y  co r re la tab le .  
4.  I n i t i a l  sheet l en7 th  before complete atomizat ion i s  
reasonably constant  from model t o  prototype.  
I n  a d d i t i o n  t o  the  above i terns, the photographs reproduced i n  
Figure 24 e x h i b i t  reasonable s i m i l a r i t y  between model and pro to type atomi - 
zat ion.  When .omparing photographs, i t  should be borne i n  mind t h a t  the model 
photographs are shadowgraphs wh i l e  the  pro to type was photographed us ing  
back-1 i g h t i n g .  Consequently, the depth o f  f i e l d  i s  considerably g reater  
f o r  the  prototypes than f c r  t he  models and a greater  number of d rop le t s  
a r e  v i s i b l e  i n  the photographs of the prototype.  
A t  t h i s  stage, the  evidence tends t o  v e r i f y  the  modeling procedure. 
I n  o rder  t o  p rov ide  a d e f i n i t i v e  v e r i f i c a t i o n ,  however, i t  wou;d be neces- 
sary  t o  measure d r o p l e t  s izes and d i s t r i b u t i o n s ,  a procedurae n o t  attempted 
du r ing  the  course o f  the repor ted study. 
4.8 - V i s u a l i z a t i o n  - o f  I n t e r n a l  f low 
A s  mentioned prev iously ,  a 15.7-to-1.0 sca le  model o f  the  x-doublet 
was consteructed from t ransparent  a c r y l i c  p l a s t i c  i n  o rder  t o  p rov ide  a 
means fo r  v i s u a l i z a t i o n  of the i n t e r n a l  f low.  Since o n l y  the i n t e r n a l  
f!cw was t o  be modeied, water wcs used i n  the t e s t s .  S i m i l a r i t y  o f  Reynolds 
numbers cou ld  be maintained between model and pro to type which was s u f f i c i e n t  
f o r  the modeling o f  the  i n t e r n a l  f low.  I n k  was i n j e c t e d  i n t o  the  f l ow  
through smal l  tubes i n  o rder  t o  make the  st reak ? i n e s  o f  the  f low v i s i b l e .  
The photographs thus obta ined a re  c o l l e c t e d  i n  F igure  31. Figures 31.a 
and 31 .b show general s t reak  l i n e s  f o r  t y p i c a l  f l o w  cond i t ions .  Figures 
31 .b and 31 .c i l l u s t r a t e  t h ~  corner b l o c k a p  e f f e c t .  F igures 31 .d and 31 .e 
show the blockage which occurs between the i n l e t  o r i f i c e s .  The remainder o f  
the  photozraphs i n  F igure 31 show t y p i c a l  o v e r a l l  flow cond i t ions .  The 
many small bubbles apparent i n  the photographs were a i r  bubbles which c o l -  
l e c t e d  on the  i n s i d e  wa l l  o f  the model. The bubbles had no not iceab le  
e f f e c t  on the  f low.  
Two e f f e c t s  are immediately apparent upon cons idera t ion  o f  the 
photographs. F i r s t ,  i t  i s  apparent t h a t  the two i n l e t  f l o w  streams a r e  
considerably c o n s t r i c t e d  p r i o r  t o  e x i t i n g  from the  i n j e c t o r .  Secondly, i t  
can be observed t h a t  the two i n t e r n a l  f l o w  streams i n t e r s e c t  a t  an angle o f  
approximately 145". It was t h i s  l a t t e r  e f f e c t  which prompted the  construc- 
t i o n  o f  model X3-M7 i n  which the  i n l e t  o r i f i c e  spacing was increased by 
50%. I t  was thought t h a t  the i~ rc reased spacing would cause the  i n t e r s e c t i o n  
angle t o  be nearer  180° which would, i n  t w n ,  r e s u l t  i n  a more uniform ex ter -  
na l  spray f i e l d .  
4.9 Hiqh Speed Movies 
High speed movies (4000 frames/sec.) were obta ined f o r  several f l ow  
cond i t ions  w i t h  the x-doublet model XD-MI. The f i lms  were submitted t o  NASA 
representat ives a t  the conclus ion o f  the i n j e c t o r  s tudy program. However, 
s ince i t  was n o t  poss ib le  t o  e f f e c t i v e l y  reproduce p r i n t s  of the  f i lms f o r  
t h i s  repo r t ,  a l l  in fo rmat ion  concerning the  tak ing  o f  the movies i s  
presented i n  Appendix C. 
F i g u r e  31 .a  S t r e a k  L i n e s  ( 1 . 0  cjdl / m i  n )  
F i g u r e  31 . b  S t r e a k  L i n e s  ( 2 . ~ 1  q a l l r r i n )  
8 1 
Figure 31 .c Corner Blockage Effect (1 .0  qal/min) 
Figure 31.d Corner Blockaqe t f f i c r  ( 7 . 0  oal/min) 
" 
F igure  31.e Centrdl I : lockaqe E f f e c t  ( 1 . 0  ga l / t i i in )  
F i gu re  31. f Centrdl S l o c k a q e  E f f e c t  (2 .0  q a l l m i n )  
(? ? 
, . J  
Figure 31 .g Genera1 Aspects o f  F low (2.0 gal/min) 
F i g u r e  31 . g  ( con t inued)  
5. DISCUSSION 
In the previous section, representative photographs a1 ong with 
measured data obtained during the course of the study were presented. I t  i s  
now desired to  offer some observations of a general nature regarding the 
results of Section 4 as well as t o  emphasize other important results of 
previous sections. 
In Section 2 a theory was developed upon which model atomization 
studies could be based. Using t h i s  theory as a guide, an experimental program 
was conducted which provided the resul ts  described in Section 4. The 
information contained in Figures 24 through 29 indicates reasonable agree- 
ment between model and prototype behavior and confirms, in a general sense, 
the modeling c r i t e r i a  developed in Section 2 .  This agreement allows one 
to deduce, with confidence, the behavior of a prototype injector from model 
experiments. 
Although reasonable confidence has been established for the methods 
employed in the model studies,  there i s  one additional item which, i f  
determined, could establish complete confidence in the method. This would 
consist of a comparison of droplet s izes  and distributions produced by  
model s and prototypes operating under dynami call  y simi 1 a r  condi tions . 
Measurements of these quantit ies could be obtained direct ly  from the photo-  
graphi c negcti ves prodw.?d during the current study . 
Photographs of the x-doublet prototype showed that  the spray fan 
produced was similar to  that  produced by two impinging f ree  je t s .  The 
mass distribution in the spray was not uniform, b u t  tended to have a higher 
concentration along the centerline of the spray fan. Mean droplet s ize 
appeared t o  decrease w i t h  an increase i n  f l o w  r a t e  through t he  i n j e c t o r .  
The f l o w  r a t e  versus pressure drop behav io r  was comparable t o  t h a t  o f  a  
sharp edged o r i f i c e .  
From photographs, i t  was observed t h a t  the  sp lash-p la te  p ro to t ype  
i n j e c t o r  produced much l a r g e r  diameter d r o p l e t s  than  d i d  t h e  x-doublet .  
From t h i s  as w e l l  as o the r  observat ions based on ac tua l  combustion data, i t  
was decided LO o m i t  the  sp lash-p la te  from f u r t h e r  cons ide ra t i on  and concen- 
t r a t e  on t h e  x-doublet  i n j e c t o r  concept. 
From the  experiments performed w i t h  x-doubl e t  models w i t h  a1 t e r e d  
p l a t e l e t  th icknesses,  i t  was observed t h a t  t h e  d ischarge c o e f f i c i e n t  f o r  
t he  i n j e c t o r  cou ld  be c o n t r o l l e d  t o  a  l i m i t e d  e x t e n t  w i t h o u t  s e r i o u s l y  
a f f e c t i n g  the a tomiza t ion  c h a r a c t e r i s t i c s  o f  t he  i n j e c t o r .  These observaa- 
t i o n s  a r e  ev iden t  upon cons ide ra t i on  o f  F igures  16, 17, 18, and 27. 
F i gu re  19 i l l u s t r a t e s  t h e  adver!ie e f f e c t  t h a t  the  omission o f  the 
o r i f i c e  p l a t e  has on a tomiza t ion .  F i gu re  20 i l l u s t r a t e s  t h e  e f f e c t  o f  
beve l i ng  t h e  o u t l e t  edge o f  t h e  meter ing  element. Th is  a l t e r a t i o n  r e s u l t s  
i n  the  p roduc t i on  o f  an i n i t i a l  sheet o f  l i q u i d  o f  somewhat g rea te r  e x t e n t  
than  t h a t  produced by the  s tandard i n j e c t o r .  However, once atomized, t he  
r e s u l t i n g  spray seems t o  be composed o f  more numerous, smal l  e r  drop1 e t s .  
The beve l i ng  o f  the o u t l e t  edge o f  t h e  meter ing  element cou'id be const rued 
as an approx imat ion t o  the e f f e c t  o f  e r r o s i o n  a t  t h i s  l o c a t i o n .  An inc rease  
o f  50% i n  the  spacing o f  t h e  i n l e t  o r i f i c e s  r e s u l t s  i n  a  g r e a t e r  i n i t i a l  
s p r e a d ~ n g  angle and a  s h o r t e r  i n i t i a l  shee t  l e n g t h  as w e l l  as b e t t e r  and more 
u n i f o 5 w  a tomiza t ion .  It i s  suggested t h a t  t h i s  a1 t e r e d  des ign be s tud ied  
i n  ~ 2 r e  d e t a i l  i n  o rde r  t o  assess t he  magnitude o f  t he  apparent improve- 
ments i n  ope ra t i ng  cond i t i ons .  
F igu re  22 cons i s t s  of photographs taken o f  t h e  standard x-doublet  model 
ope ra t i ng  w i t h  a g l yce ro l -wa te r  s o l u t i o n  of  s p e c i f i c  g r a v i t y  1.059. Th is  
c o n d i t i o n  models t h e  p ro to t ype  behav io r  when l i q u i d  MMH a t  200°F i s  t he  
work ing f l u i d .  The change o f  f l u i d  produced no n o t i c e a b l e  e f f e c t  i n  the  
model stilly as compar?d w i t h  the  s tandard x-doublet  model operated w i t h  a 
g l y c e r o l  -water s o l u t i o n  o f  s 7 e c i f i c  g r a v i t y  1.085. 
Three h igh  speed movies (4000 frames p e r  second) were taken o f  t he  s tandard 
x-doublet  model ope ra t i ng  a t  d i f f e r e n t  f l o w  ra tes .  One movie was taken of 
t he  model when ope ra t i ng  w i t h  a g l yce ro l -wa te r  s o l u t i o n  o f  s p e c i f i c  g r a v i t y  
1.059 i n s t e a d  o f  t h e  standard va lue  o f  5.085. It was n o t  poss ib l e  t o  
reproduce s u f f i c i e n t l y  good photographs f rom the  movie frames f o r  i n c l u s i o n  
i n  t h i s  r e p o r t .  Hence, p e r t i n e n t  i n f o r m a t i o n  concerning t he  movies i s  
r e l ega ted  t o  Appendix C.  Upon s tudy ing  t he  movies, i t  was, however, poss ib l e  
t o  v e r i f y  severa l  f ea tu res  o f  the f l o w  f i e l d .  The dynamics o f  the  atomiza- 
t i o n  process appeared t o  correspond qua1 i t a t i v e l y  w i t h  t h e  i l l u s t r a t i o n  used 
i n  F igure  3. No unusual o s c i l l a t i o n s  were apparent.  The change i n  s p e c i f i c  
g r a v i t y  frm 1 .CB5 t o  1.059 had no n o t i c e a b l e  e f f e c t .  Most o f  the  mass i n  
t h e  spray f i e l d  appeared t o  be concent ra ted  i n  a narrow r e g i o n  around the 
cen te r1  i ne o f  the  spray fan.  
The d i s t r i b u t i o n  of mass w i t h i n  t h e  spray f i e l d  generated by the  s tandard 
x-doublet  model was measured and i s  presented i n  normal ized form i n  F igure  30. 
The fundamental r e s u l t  apparent i n  t h i s  f i g u r e  i s  t h a t  t h e  subs tan t i a l  p o r t i o n  
o f  t h e  spray i s  conta ined i n  t h e  c e n t r a l  p o r t i o n  o f  the  spray fan.  The 
w i d t h  o f  t h i s  c e n t r a l  p o r t i o n  i s  approx imate ly  20% o f  t h e  t o t a l  w i d t h  o f  t h e  
spray fan.  Th is  r e s u l t  i s  i n  q u a l i t a t i v e  agreement w i t h  t h e  observat ions 
made f rom t h e  photographic  s tud ies .  
I n l e t  c ross- f low s tud ies  were cotjducted f o r  the  x-doublet w i t h  an 
i n l e t  c r o s s - v e l o c i t y  equal t o  23% o f  the  i n j e c t o r  mean e x i t  v e l o c i t y  when 
operat ing a t  a  f l o w  r a t e  corresponding t o  a  scaled pressure drop o f  30 p s i .  
The c ross -ve loc i t y  was d i r e c t e d  bo th  para1 l e l  and perpendicu lar  t o  a  1 i n e  
j o i n i n g  the two i n l e t  o r i f i c e s .  The c ross -ve loc i t y  had no apparent e f f e c t  
on the a tomiza t ion  c h a r a c t e r i s t i c s  o f  the i n j e c t o r .  
The i n t e r n a l  f l ow  v i s u a l i z a t i o n  s tud ies  which r e s u l t e d  i n  the pkoto- 
graphs presented i n  F igure 31 have been adequately discussed i n  Sect ion 4. 
A model of a  h i g h l y  modi f ied vers ion  o f  the  x-doublet,  c a l l e d  the  
V-doublet, was constructed du r i ng  the  course o f  t he  experimental program. 
In fo rmat ion  concerning t h i s  i n j e c t o r  i s  conta i l led i n  Appendix A. Flow r a t e  
versus pressure drop i n fo rma t i on  f o r  t h i s  design i s  conta ined i n  F igure  A.13 i n  
Appendix A. The r e l a t i v e l y  l a r g e  f l o w  r a t e  requ i red  f o r  e f f i c i e n t  atomiza- 
t i o n  precluded the  t e s t i n g  of t h i s  model i n  t h e  e x i s t i n g  experimental setup. 
F i n a l l y ,  the e f f e c t  o f  i n l e t  o r i f i c e  blockage was i nves t i ga ted  i n  a  
p r e l  im inary  manner f o r  the  x-doublet .  Results o f  these s tud ies  a re  conta ined 
i n  Appendix E. It was genera l l y  found t h a t  complete blockage o f  an i n l e t  
o r i f i c e  caused " t i l t i n g "  of the spray fan  w i t h  on l y  minor  degradat ion o f  
the  q u a l i t y  o f  a tomizat ion.  P a r t i a l  blockage o f  an i n l e t  o r i f i c e  ( i f  accom- 
p l i shed  i n  t h e  manner i l l u s t r a t e d  i n  Appendix E)  was found t o  cause a  
"skewing" o f  the mass d i s t r i b u t i o n  i r ~  the spray f a n  w i th ,  again, o n l y  minor 
deg ra l3 t i on  of the  q u a l i t y  o f  a tomiz3t ion.  
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APPENDIX A 
INJECTOR MODELS AND TEST EQUIPMENT 
Figure A . l  X-Doublet Model 
F i g u r e  A. 1 c o n t i n u e d  
.I LdECx\~3\+ ;L- 1,' 
Figure A. 1 continued 
TABLE A. 1 
I n j e c t o r  Assembl i e s  
I n j e c t o r  
XD-P 
XD-M1 
XD-M2 
XU-M3 
XD-M4 
XD-M5 
XD-M6 
XD-M7 
Nominal Dimensions ( i n .  ) 
R S T U V W X \i 
* O u t l e t  edge o f  meter ing element beveled 0.05 i n .  x 45", 
see edge "E" i n  sketch, 
- ?, 
/" 0.25D i i 
HOES ' 
: 
I 
i 
\ 
Figure A.2 V-Doublet Model 
Figure A.3 V-Doublet Assembly 
Figure A.4 Spl ash-Plate  Prototype 
1 O? 
Figure A.5 Plenum Chamber and Injector Model Mounting 
Figure A.5 continued 
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Figure A.6 Mounting f o r  Prototype Injector  
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Figure A.7  Plenum Chamber Adapter Plate for Prototype Injectors 
*&bUZ : FULL 5\2€ 
P A k i i ~  '. &LOW, 
No. awe : \ 
F i  qure A.8 Cross-Flow Manifold 
F igu re  A.8 cont inued 
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F i  gure A. 10 Spray Col 1 ec t i  on Apparatus 
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OF POOR QUALITY Figure A. 10 continued 
i. R\R SOfflY VALVE 
2. PRESSURE R€GULHTOR 
6. FLOW VALVE 
8. INJECTOR W N T  
9. I N ~ E C T O R  RENurv\ 
PRESSURE GAUGE 
12. SPRAY CoLLECToR 
Figure A . l l  Test Fac i l i ty  Schematic 
Figure A.  1 2  Instrument Carrier 
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Figure A. 12 continued 
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TABLE A. 2 
Test F a c i l i t y  - Major Components 
Rotameters 
Brooks Types : 11 10-08H2BlA 
Instrument Div. 11 10-1 OH3B1 A 
Emerson E l e c t r i c  Co. 
F loa ts :  8RV8 & 8RV31 
10RS-138 & 10RV-64 
Camera 
Grover 
Burke & James, Inc. 
w/Wollensak 190 mm f /4 .5 lens  
Plenum Pressure Gauges 
-- 
Foxbaro 0-15 p s i  
Test  Gauges 0-60 p s i  
The Foxboro Co. 
Stroboscope 
Strobex 
Model 127 
Chadwick-Helmuth 
Monrovia, Cal i f  . 
Pressure Regulator 
Foxboro A i rd ron Regulator 
Type 20 
The Foxboro Co. 
Reservoir  
Sears-Roebuck and Co. 
Glass Lined Hydro-Pneumatic Pump and Tank 
82 gal . capac i ty  
Model No. 153.2951 82 
Pump 
Sears-Robebuck and Co. 
"Hydroglass" Conver t ib le  Deep We1 1 J e t  Pump 
Model No. 390.25130 
T a b l e A . 2  cont inued 
250 mm scale, rib guide tubes, standard floats 
' Ail a ~ r  f lpn'  2 .0  3: I1 p 3 ap: '3 f 
" lhesc lioa!s a r ~  no! t e ; c m e n c e o  f ~ i f  ;I; 'err :e 5- J<: ~ ; ~ , a t . g  p-eS..ure : ?~hr ; ' ' ed - . '  e l ~ n n ? :  3:1 pas 
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Meter 
S ~ l e  
I 
8 
9 
10 
12 
13 
Tube 
No. 
R 8 M 2 5 2  
R 8 M 2 5 4  
R 8M 25 2 
R FM ?5 2 
R 8M 254 
R 8 H 2 5 2  
R 8 M 2 5 2  
R 8M 2 5 4  
R 8M 254 
R 8 U  25 2 
R 8H 25 4 
R 8 U 2 5 2  
l R 8 M 2 5 J  
R 8M 25.4 
R 4 M  25 2 
R.8M 2 5 4  
R 9M 25 1 
R 9M 25.3 
R 9M ?5 1 
R.9M 25 3 
R 9M 25 1 
F133t 
No 
8 R V 3  
8 R V 3  
8 R V 8  
0 8 R V 8  8 R s 8  
8 RV 14 
8 AS 14 
8 R S 8  
8 RV 14 
8 RV 31" 
8 RS I 4  
9 AS 31" 
8 RI'31" 
8 RS 31" 
8 Ll 48" 
8.11 48" 
9 RV 33 
9 RV 33 
9 RS 33 
9 PS 33 
:PI 9"' 
ISA T ~ b e  
Nomenclature 
BR 16 27Gl0 
BR 1,2 jSGli l  
BR 52 27G!C 
BR "z ?T i19 
BR $2 3 6 1 0  
BR 1x2 27'210 
BR 4i 2'G;b 
BR I/? 3SGIO 
BR t i  35G10 
-- 
BR cz Z'GIO 
BR Li 35610 
8R 1 2  27C1O 
BP 1'2 35G13 
BR 1 2  35ClO 
BR 2 X I O  
BR LZ 35G10 
BR 'r.l4G!!I 
BR If4 2 X : 0  
BR '4.14C;O 
Bfi 34  20C.O 
@P 1, i:t.; 
R 9'4 25 I 
- 
R 9'4 25 3 
R 9M 25 3 
R 9M 15 1 
R 9M 25 3 
8 R IOU 25 1 
R lnll  25 1 
R IOM 25 3 
R ;GM 25 I 
R 10'4 25 3 
R IOM 25 I 
R !CM 25 3 
R IOU 25 3 
R :OM 25 1 
R IOM 25 3 
R 12M 25.4 
R 1204 25 4 
R 12U 25 4 
R 1% 25 4 
R 12M 25 5 
R.12M 25 5 
R 12M 25 5 
R :7M 25 5 
R :2M 25 4 
R i?M 25 5 
R I ~ M  25 1 
R 13M 25 1 
R 13V 25 1 
R 13Y 25 3 
R !3M?5 1 
R 13M 25 3 
R!"!?53 
R :3V 15 3 
R ;?H 25 1 
P ! W ? 5 1  
- 
. 
. Max Flow 
Water (GPMJ 
0 55 
0 78 
0 '8
# 
1 32 
1 40 
1 4 5  
1 50 
183 
1 33 
2 59 
3 01 
4 68 
1 9 0  
2 53 
2 57 
3 26 
1 ,12 
P I  i 5 B S 0 7 "  1 I ! 5 8 c  
Rate 
A I ~  ISCFM)' 
2 22 
3 17 
3 22 
4 18 
4 4 5  
4 28 
5 48 
5 86 
5 88 
6 12 
7 55 
7 7E 
8 32 
:0 65 
13 01 
2C 32 
7 96 
1C 45 
'0  45 
:3 85 
;* 6; 
, 
BR 33 13G10 
BR 44 21;10 
BR I, !dGi'l 
BR ?!4 ?Xi> 
BP 125GI'J 
E H  I C5^ 1:0 
BR j5G10 
ea : ?55:5 
BR 135610 
BR ! 2jc:g 
--. 
EF ! ;:Gin 
BP. ! ?5GIO 
aP ; X ! r J  
BR 1 3 5 L i 3  
BR 115 I l S I O  
Bfi 1 4  17GlO 
BR 115 17G10 
BQ 115 !7C:? 
eR 112 35G!r) 
1 % 35G!O 
BR 1l/z 35GIO 
BR 115 35G:: 
BP 112 1'5.2 
BR ! I 2  j:;:: 
~a 2 I~GIO 13 fiv 5;o 
BR 2 l8GlO 13 kY 7% 
BR ? lG!: ;' PS 510 
---- 
BR 2 20G!? 
BR 2 iSS;'l 
f ?  2 7°C:; 
-- 
BR 2 !C;:3 
BR 2 jl,r;!'l ;3 p; '.C" 
ER 2 l;S:u 
6P ? 2 6 ! 0  
-- ..I----- 
--- 
9 R V  87" 
- 1 PS 87" - 5 1 2  
9 11 1-0" 
9 L I  160" 4J !X 
---- 
9 65 
-- 
10 RV 64 
- 10 RS 64 
I 0  RV 64 
:t PV I j 9 "  
;S RS EJ 
;o RS ;?e- 
:? RI :38" 
:O PS 138" 
10 11 238'' 
:G  L1 238" 
12 R:27L 
12 PV 313" 
12 RS 22: 
I ?  RS 3.13" 
12 PV221 
12 PV 343" 
- 
I ?  RS 221 
12 PS 343" 
I ?  L I  732" 
6 28 
8 2 l  
10 5 3  
I 4  91 
23 10 
9 33 
11 11 
12 46 
15 43 
17 21 
20 35 
22 4Q 
26 95 
35 rlr! 
25 :6 
25 60 
22 15 
3: 60 
35 1G 
45 55 
66 00 
105 70 
3 i  81 
47 :2 
5 1  65 
-- 
62 75 
70 63 
90 45 
--- 
91 85 
I !?  20 
1'; 35 
Pressure Drop ( p s i )  
F igure A. 13 Volumetr ic Flow Rate Versus Pressure 
Drop f o r  V-Doublet Model (S.G. = 1.09) 
APPENDIX B 
FLUID PROPERTIES 
T a b l e  B.1 
F l u i d  P r o p e r t i e s  
MMH 
MMH 
N2°4 
F l u i d  
* 24% Glycerol  on volume b a s i s  . 
T P x l o 4  x 105 x l o 3  
( O F )  (1  bm/ft3) (1 bm/f t -sec)  ( f t 2 / s e c )  (1 b / f t )  
APPENDIX C 
PHOTOGRAPHIC TECHNIQUES 
Ana lys is  o f  Shadowgraph O p t i c s *  
spark condenser s P r a y  camera f i l m  
~ o u r c e  1 ens f i e l d  1 ens I 
/ 
, 
F 
i / I 
Image - o f  Source Formed & Condenser Lens. 
# 
Image s i z e  i s  g iven by f h l s  Image l i e s  t o  the  r i g h t  o f  t h e  camera 
l e n s  a d i s tance  Xs where 
* Ref. 2 
Th i s  image f o n s  a v i r t u a l  image f o r  t he  caniera l ens  which then forms a 
r e a l  image a t  Xs where 
The image s i z e  i s  g iven  by 
Image o f  t h e  Spray F i e l d .  
1 1 1  0 
- f  - =  - F m E -= magn i f i ca t i on  = r; 
x0 mX0 f0 Xo 
Condenser Lens. 
El im ina t ion  o f  & between ( 7 )  and (8) and s u b s t i t u t i o n  f o r  L provides 
Camera Lens 
E l im ina t ion  o f  "a" provides 
C 
Equations (1 ) through (1 0) are v a l i d  so long as X, 2 d + X,.
The q u a n t i t i e s  DS, fc, fo, D,, and Do are constants i n  the  apparatus used 
C 
f o r  the experiments described i n  t h i s  repor t .  I n  add i t i on ,  Xo i s  l i m i t e d  
by the bel lows extension o f  the camera and F i s  l i m i t e d  by the  f i l m  
s ize,  wh i l e  d and Xo have minimum usefu l  values due t o  spray impingment. 
Equipment and Important  Parameters 
Spark-Shadowgraph System 
1. Spark source 
Spark discharge o f  approximately 1.0 p-sec. du ra t i on  obta ined by 
simultaneous discharge of f i v e  0.05 p f  capac i to rs  across an i on i zed  
a i r  gap. The spark source was borrowed f rom the  l abo ra to ry  o f  t he  
Department o f  Aerospace Engineering o f  t h e  U n i v e r s i t y  o f  Texas a t  
Aust in .  Construct ion d e t a i l s  a re  conta ined i n  Col t h o r p ' s  t hes i s :  
J.R. Colthorp, "The Design and Ana lys is  o f  a S ing le  
S t a t i o n  F ree -F l i gh t  B a l l i s t i c s  Range," M.S. Thesis, The 
U n i v e r s i t y  o f  Texas a t  Aust in ,  August 1963. 
2. Camera 
Grover View Camera 
190 mm f14.5 Wollensak Alphax l ens  
Se t t i ng :  f14.5 f o r  prototypes,  spark discharge determines 
exposure t ime.  
3. Condenser l ens  
Compound 1 ens 
2 314 i n .  diameter 
12 i n .  e f f e c t i v e  foca l  l e n g t h  
4. F i l m  
Kodak Tr i -X  sheet f i l m  (4" x x u ) ,  ASA 320 
processing : 
F u l l  s t rength  Kodak Mierodol f o r  25 min a t  70°F 
No s top  bath - water r i n s e  
Kodak f i x e r  f o r  2-3 min. 
Wash 
p r i n t i n g :  
3 sec. - regu la r  
3 sec. - burning i n  ho t  spot  i f  necessary 
Polycontrast  F paper w i t h  2 1/2 o r  #4 f i l t e r  
Developed i n  GAF Vivid01 f o r  1 1/2-2 min. 
Stop bath - a c e t i c  a c i d  
Standard f i x e r  f o r  2-3 min. 
Wash 
Ferrotype Gloss 
5 .  Dimensions 
X, = 13" , d =  9' , X o = 1 5 '  = xol 
High Speed Movies 
General Arrangement 
Spray F i  e l  d 
I 
1 . Fastex Camera 
Type WF3T ~113mrn f l 1 . 8  Wollensak lens  
#7278 Kodak T r i -X  Reversal F i lm  (ASA 160) 
1400 f t ,  -candles i 11 umi n a t i o n  a t  camera 
Operated w i t h  f / 8  a t  130 v. 
3500 frameslsec. average; 4000 frameslsec. f o r  l a s t  
30 ft. o f  100 ft. f i l m  r o l l .  
2. Trans1 ucent a c r y l i c  p l a s t i c  sheets. Three 114-inch t h i c k  
sandblasted sheets p lus  one sheet o f  acetate filln sandwiched 
between 114-inch p l a s t i c  sheets. 
3. Ten, 500 w photo f lood lamps. See accompanying photograph. 
Table C . l  
High Speed Movie Records* 
Movie I n j e c t o r  Spec i f i c  Flow Rate Pressure Frameslsec 
No. Grav i ty  (ga l lm in )  Drop ( p s i )  (avg . - max.) 
- -  
* Movies suppl i ed t o  NASA representat ives.  
F i g u r e  C .  1 P h c t o f l o o d  Arrangement 
f o r  H igh  Speed Movies 
Stroboscopic  Back-Li g h t i n g  - 
General Arrangement 
Genera l l y  same ds f o r  h ig l ,  speed movies, b u t  w i t h  t h e  f o l l o w i n g  
changes : 
1. Camera 
Grover View Camera 
190 mm f14.5 Wollensak Alphax l ens  
S e t t i n g :  f / 8 ,  s t roboscop ic  d ischarge determines 
exposure t ime. 
2. Stroboscope (rep1 aces pho to f  1 oods) 
Strobex f l a s h  d u r a t i o n  50 p-sec. 
Model 127 2400 f t . cand les  , 1 ft. f rom source 
Chadwick-Helmuth 
Monrovia, C a l i f .  
3. Trans1 ucent  p l a s t i c  sheets 
Only two sandblasted sheets used. 
4. Dimensi ons 
L1 = 30" , Lp = 10" , L3 = 21" 
5. F i l m  
Same as f o r  spark-shndowgraph. 
APPENDIX D 
TABULATION OF DATA 
RECORD OF PHOTOGRAPHS 
Negative No. Date In jec to r  Flow Rate Pressure Drop 
(gal / m i  n )  (psi  1 
1 11-13-74 XD- P - 10 
2 11 I1 - 20 
3 I1 I1 - 30 
4 11 I I  - 40 
6 11-18-74 XD-P - 10 
15 I I  - - - 
16 12-2-74 XD-P - - 
17 II I t  - 5 
Comments 
Water flow. Fuel s ide .  Face View. 
Shadowgraph. 
11 shots  superimposed. 
5 shots  superimposed. 
Calibrat ion f o r  photos. 1 through 15. 
I I  
Calibrat ion f o r  photos. 16 through 25. 
Side view. A1 i gnment problem. 
RECORD OF PHOTOGRAPHS contd. 
I 1  
I 1  
11 
I 1  
11 
II 
I 1  
ll 
XD-P 
I 1  
I 1  
I 1  
I 1  
I 1  
I 1  
I t  
I 1  
II 
Side view. Operating correctly. 
Calibration f o r  photos. 26 through 35. 
11 
RECORD OF PHOTOGRAPHS contd. 
- 20 Water Flow. Fuel side Face view. 
Shadowgraph. 
- 30 
SP-P 
I 1  
Calibration for photos. 36 through 40. 
Side view. 
Calibration for photos. 41 through 45. 
G1y.-Water. SG. = 1.085. Face view. Back- 
1 i ghted. Assembly 1-2-3, standard model. 
Calibration for photos. 46A through 49s. 
Calibration for photos. 46B through 52A. 
RECORD OF PHOTOGRAPHS contd. 
Ca l ib ra t i on  f o r  photos. 52B through 53D. 
Modified XD. Assembly 1 - a - 3 .  Spreading angIe/2 
i n  s i d e  view 20" 2 3 O ,  photos. 54 through 57. 
Modified XD. Assernbly 1-26-3. Spreading angle12 
i n  s i d e  view 10°+4", photos. 58A through 61. 
RECORD OF PHOTOGRAPHS contd. 
2.05 Modi f ied XD. Assembly 1 -2-3h. Spreading angl e/2 
i n  s ide  view 14" - + 3", photos. 62 through 65. 
3.45 
1.45 Modi f ied XD. Assembly 1-2. Spreading angle/2 
i n  s ide  view 0" - + lo, photos. 66 through 69. 
2.35 
Ca l i b ra t i on  f o r  photos. 54 through 70B. 
Ca l i b ra t i on  f o r  photos. 71 through 758. 
Modi f ied XD. Assembly 1-20-3. 
RECORD OF PHOTOGRAPHS contd . 
Calibration f o r  photos. 76 through 79B. 
Standard XD. SG = 1.059. G1y.-Water. 
Calibration f o r  photos 80A through 84. 
Cross-flow.= 1.13 gal/min. Total flow = 
2.0 gal/min. S . G .  = 1.059. flow +- 8 + 
0 No cross-fl ow. flow +- 
0 No cross-flow. flow +- 
I 1  I ?  
Cross-flow - 1.12 gal/min. Total flow = 
2.0 gal/min. flow +- o o-+ 
No cros,s flow. f 1  ow + o o 
RECORD OF PHOTOGRAPHS contd. 
- - Caifbra t ion  f o r  photos. 85 through 92. 
0.6 0.7 S. G. = 1.085. Modified x-doublet. Metering 
el emnt of XD-MI beveled .05" x 45" on 
o u t l e t  s i de .  
1 .o 2.1 I 1  
0.82 2.44 S. G. = 1.085. For d i r e c t  comparison with 
prototype photographs. 
1 .OO 3.66 I t  
- - Cal ib ra t i on  f a r  pnotos. 93 through 99A. 
1 .O 3.2 S.G. =1.09, Modified x-doublet. Orifice 
spacing increased 50% over  XD-MI. 
1.2 4.7 11 
1.411.6 6.618.8 (Photo. no t  i d e n t i f i e d  properly.  ) 
Ca1 i brat i  on Data 
Injector  
XD-P 
S.G. 
1 .o 
Flow Rate 
(grams/sec) 
1.99 
1.97 
2.37 
2.32 
2.67 
2.66 
3.01 
2.98 
3.32 
3.31 
3.63 
3.57 
3.77 
3.84 
4.05 
4.01 
4.32 
4.22 
4.43 
4.51 
Pressure Drop Injector  
(psi 1 
Flow Rate 
(gal /mi n) 
-2  
- 3  
.4 
- 5  
.6 
.7 
.8 
.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1 .5  
1.6 
1.7 
1.8 
1.9 
1.96 
.4 
-6  
Pressure Drop 
(psi 1 
SP-P 1 .O 1.41 
1.39 
1.80 
1.94 
1.88 
1.97 
2.29 
2.27 
2.59 
2.55 
2.83 
2.82 
3.08 
2.98 
3.23 
3.20 
3.38 
3.38 
3.58 
3 56 
3.75 
3.72 
Cal i bra t i  on Data continued 
Calibration Data continued 
Injector S.G. Flow Rate Pressure Drop 
(gal /min) (psi > 
VU- M1 1.09 1.6 1.30 
1.8 1.80 
2.0 2.30 
Fan Spreading Angle Data 
Negative No. I n j e c t o r  Angle Flow Rate Pressure Drop S.G. [$] 
(deg . ) (ga l  / m i  n) ( p s i  
XD-P 6 7 
89 
107 
99 
106 
6 7 
84 
104 
103 
107 
24 
"Pressure data f o r  XD-MI read f rom c a l i b r a t i o n  curve. 
I n i t i a l  Sheet Length Data 
Negative No. I n j e c t o r  Actual Length* (ai/$) S.G. (y) ( i n . )  
XD-P .48 
.50 
.53 
.50 
.51 
.50 
.48 
.50 
.50 
.4P 
.43 
*Actual l eng th  as measured on photograph. 
'sheet l e n g t h  ai nondimensional i zed w i t h  respect  t o  o r i f i c e  s i z e  a. 
Mass D i s t r i b u t i o n  Data 
x m k h w p l o t t i n g  
(cm) (sm/sec) (sm/sec) (cm) (cm) $1 I] loo symbol 
Mass D i s t r i b u t i o n  Data contd. 
Notat ion:  x - d is tance from c e n t e r l i n e  t o  cen ter  o f  c o l l e c t o r  s l o t  
h - mass c o l l e c t e d / u n i t  t ime i n  1/8"-wide c o l l e c t o r  s l o t  
b - t o t a l  mass f l ow  r a t e  
h - d is tance from i n j e c t o r  t o  c o l l e c t o r  
w - one-hal f  spray f i e l d  w id th  
A1 1 da ta  taken w i t h  model XD-MI us ing  SG = 1  -085. 
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APPENDIX E 
BLOCKED ORIF ICE  STUDIES 
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